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1Redes Neuronales Plásticas Laboratory, Department of Neurobiología Conductual y Cognitiva Instituto de Neurobiología, Universidad Nacional Autónoma
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After spatial exploration in rats, Arc mRNA is expressed in �2% of dentate gyrus (DG) granule cells, and this proportion of Arc-positive
neurons remains stable for �8 h. This long-term presence of Arc mRNA following behavior is not observed in hippocampal CA1
pyramidal cells. We report here that in rats �50% of granule cells with cytoplasmic Arc mRNA, induced some hours previously during
exploration, also show Arc expression in the nucleus. This suggests that recent transcription can occur long after the exploration behavior
that elicited it. To confirm that the delayed nuclear Arc expression was indeed recent transcription, Actinomycin D was administered
immediately after exploration. This treatment resulted in inhibition of recent Arc expression both when evaluated shortly after explor-
atory behavior as well as after longer time intervals. Together, these data demonstrate a unique kinetic profile for Arc transcription in
hippocampal granule neurons following behavior that is not observed in other cell types. Among a number of possibilities, this sustained
transcription may provide a mechanism that ensures that the synaptic connection weights in the sparse population of granule cells
recruited during a given behavioral event are able to be modified.

Introduction
Memory consolidation requires the regulation of existing pro-
teins (Holahan and Routtenberg, 2007) and de novo synthesis of
others (Bekinschtein et al., 2008; Bingol and Sheng, 2011;
Martínez-Moreno et al., 2011). These new proteins may result
from new transcripts (Morgan and Curran., 1989; Guzowski et
al., 1999; Hopkins and Buci, 2010) such as the immediate early
genes (IEGs), which are transiently and rapidly induced in re-
sponse to stimulation and are functionally defined by their ability
to be transcribed in the presence of protein synthesis inhibitors
(Cole et al., 1989; Lanahan and Worley, 1998).

The IEGs Arc/Arg3.1 or activity-regulated cytoskeleton pro-
tein is known to play a key role in the cellular mechanisms un-
derlying long-term synaptic plasticity (Link et al., 1995; Lyford et
al., 1995; Miyashita et al., 2008; Bramham et al., 2010; Shepherd

and Bear, 2011). Its transcription in hippocampal and cortical
pyramidal neurons is transitory (Guzowski et al., 1999; Vazdar-
janova et al., 2002; Ramírez-Amaya et al., 2005). Arc mRNA ac-
cumulates in the nucleus �5 min after strong neural activity
(such as high-frequency spiking), translocates into the cytoplasm
�30 min later, and is then rapidly degraded (Vazdarjanova et al.,
2002). Arc protein is present in these neurons for �1 h (Ramírez-
Amaya et al., 2005). However, it has been suggested that to ac-
complish its role during synaptic plasticity (Okuno et al., 2012),
Arc protein must remain for a longer period of time (Bramham
and Messaoudi, 2005; Messaoudi et al., 2007). After spatial explo-
ration, hippocampal granule cells show sparse neural activity
(Jung and McNaughton, 1993; Leutgeb et al., 2007; Alme et al.,
2010) and also sparse Arc mRNA expression (Chawla et al., 2005;
Alme et al., 2010), but these few neurons express Arc mRNA and
its protein for �8 h (Ramírez-Amaya et al., 2005; Marrone et al.,
2012). Sustained Arc expression in the dentate gyrus (DG) has
been suggested to underlie long-term potentiation (LTP) stabili-
zation (Messaoudi et al., 2007), suggesting that sustained Arc
synthesis in granule cells may be important for synaptic plasticity
and memory consolidation.

The sustained presence of Arc in hippocampal granule cells
after stimulation may result from either an elevated half-life of
Arc mRNA in these cells or from sustained transcription of Arc
mRNA itself (Ramírez-Amaya et al., 2005). The current study
investigates these possibilities with two separate experiments:
first, by separately detecting presplicing Arc mRNA (pre-mRNA)
observed only in the nucleus and Arc mRNA observed in both the
cytoplasm and the nucleus of DG granule cells (Guzowski et al.,
1999; Rosi et al., 2009) after animals were killed at different time
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points after a single spatial exploration session and second, by
studying the effect of the transcription inhibitor Actinomycin D,
administered immediately after spatial exploration, on the ex-
pression of Arc (pre-mRNA/mRNA) detected at different time
points after exploration.

Our results demonstrate that, compared with controls, spatial
exploration induces sustained transcription of Arc for �8 h in a
sparse population of neurons; the sustained presence of Arc may
have a number of implications for Arc-dependent synaptic plas-
ticity in granule cells.

Materials and Methods
Animals. Male Wistar rats (5–7 months old), obtained from the Animal
Care and Reproduction facilities at the Instituto de Neurobiología, were
housed individually and maintained on an inverted 12 h light/dark cycle,
with lights on at 9:00 P.M. Food and water were provided ad libitum.
Animals were handled for 10 d before spatial exploration experiments to
minimize stress during the behavioral procedures. The Bioethics Com-
mittee from the Instituto de Neurobiología from the Universidad Nacional
Autónoma de México, approved all the animal protocols and experi-
mental procedures used in the present study, and they were per-
formed in accordance with international ethical guidelines for animal
care and handling.

Spatial exploration procedure. The exploration environment was an
open square box, 70 � 70 cm, with 20 cm high walls made of translucent
acrylic. All the walls were covered from the outside with orange foam
paper sheets, and the floor was partitioned into nine grids using black
foam paper sheet strips. The box was located in a room with constant
distal cues and dim lighting conditions (as described previously Sandoval
et al., 2011). All behavioral testing was conducted during the dark half of
the dark/light cycle, which is the active period for rodents. Each rat was
fully covered with a white towel and then individually transported to the
behavioral room (5 m from the vivarium). Subsequently, the rat was
placed into the exploration environment, right in the center of one of the
grids, and moved to the center of a different grid every 15 s. While no
differences are observed in the proportion of cells that express Arc be-
tween ad libitum exploration or assisted exploration treatments (Vazdar-
janova and Guzowski, 2004; Ramírez-Amaya et al., 2005), assisted
exploration ensures that each of the grids is visited two or three times
during the 5 min exploration session. This assures that Arc is expressed
with lower variability between animals than would be the case with ad
libitum exploration, where some animals may not explore certain por-
tions of an environment (Vazdarjanova and Guzowski, 2004). For that
reason we will refer to this behavioral treatment hereafter as spatial
exploration.

Surgical procedures for lateral ventricle cannulation. To infuse the tran-
scription inhibitor Actinomycin D intracerebroventricularly (ICV), a
single cannula was placed in the right lateral ventricle 20 d before the
behavioral experiment. Animals where anesthetized with ketamine (70
mg/kg) and xylazine (6 mg/kg) and placed in a stereotaxic instrument
with an incisor bar below the ear bars (i.e., flat skull). The scalp was then
incised and retracted. An indwelling cannula, 12 mm long and 25 gauge
(Small Parts) was used to insert a modified dental needle (BD). Coordi-
nates for implantation of the cannula were as follows: �0.92 mm antero-
posterior, �1.5 mm lateral, �4 mm dorsoventral from bregma. Fifteen
days after the implant surgery, the Actinomycin D (Sigma) administra-
tion and behavioral procedures were performed while the animals were
awake, either before (Experiment 2) or immediately after (Experiment 3)
the 5 min exploration. A solution of Actinomycin D (6.8 �g/�l) was
prepared in 0.9% NaCl and adjusted to pH 7.4. Each animal received a
total 10 �l of this solution (68 �g of Actinomycin D), and the injection
was performed over a 5 min period at a rate of 2 �l/min. Vehicle control
animals received 10 �l of NaCl 0.9%, pH 7.4, delivered at the same rate.

Brain extraction and dissection. At different time points after explora-
tion, specified below, rats were decapitated with a guillotine and their
brains were rapidly removed (�2 min) and immediately frozen in iso-
pentane immersed in a dry ice/ethanol slurry (Guzowski et al., 1999;
Vazdarjanova et al., 2002). After freezing, (all) the brains were stored at

–70°C until cryosectioning for in situ hybridization. Using a stainless
steel matrix (Electron Microscopy Sciences), brain hemisections (we
used the left hemisphere) that included the whole hippocampi were ob-
tained. Eight to 10 brain hemisections were molded into a block with
Tissue-Tek OCT compound (Sakura Finetek), such that each block con-
tained brains from all different groups, and the position of each group
differed in each block. Each block was coronally cryosectioned at 20 �m,
at �21°C throughout the dorsal hippocampus between � �3.2 to �3.8
mm from bregma (Paxinos and Watson, 1998). This procedure allowed
us to obtain slides containing brains from each group of animals (at least
one caged control hemibrain per block), using a CM1850 Leica cryostat;
the sections were captured on SuperFrost slides (VWR).

Fluorescence in situ hybridization. To unambiguously identify recent
Arc transcription visualized as two transcription foci of Arc pre-mRNA
and color distinguish it from earlier transcription visualized as cytoplas-
mic Arc mRNA surrounding the nucleus, we used the Arc intron
(intron-1) riboprobe (�700 bp) labeled with digoxigenin (DIG)-UTP
and the Arc full-length riboprobe (�3000 bp) labeled with fluorescein-
UTP (Roche Molecular Biochemicals). Each riboprobe was visualized
with a different fluorophore (Cy3 for the intron probe and FITC for the
full-length probe). This allowed visualization of the earlier Arc transcrip-
tion that had already been translocated to the cytoplasm with fluorescein
(FITC; PerkinElmer) and the more recent transcription as intranuclear
Arc pre-mRNA foci with cyanine-3 (Cy3, PerkinElmer). Anti-FITC an-
tibody 1:250 (Jackson ImmunoResearch Laboratories) or Anti-DIG an-
tibody 1:500 (Roche Molecular Biochemicals), respectively, was used as
secondary antibody for each detection, respectively (Guzowski et al.,
2006; Rosi et al., 2009).

This method allowed separate visualization of the cytoplasmic Arc
mRNA and the recently transcribed intranuclear foci of Arc pre-mRNA
(Guzowski et al., 2006; Rosi et al., 2009) in the confocal images. This
approach improves reliability and counting efficacy since the larger
amount of Arc mRNA found in DG granule cell cytoplasm tends to
impair the ability to distinguish recent intranuclear Arc foci.

Briefly, to determine yield and integrity of the riboprobes, they were
each purified on a G-50 spin column (Boehringer Mannheim), and a
small aliquot was subjected to gel electrophoresis before use. Slides were
fixed with freshly prepared, buffered 4% paraformaldehyde, treated with
0.5% acetic anhydride/1.5% triethanolamine, incubated in methanol/
acetone (1:1 v/v) for 5 min, and equilibrated in 2� SSC buffer. Sections
were then incubated with 100 �l 1� prehybridization buffer (Sigma) for
30 min at room temperature. Approximately 100 ng of riboprobe was
diluted in 1� enhanced hybridization buffer (GE Healthcare) and ap-
plied to each section for overnight incubation at 56°C. Posthybridization
washes with 2� SSC were followed by RNase A (10 �g/ml, 37°C, 15 min)
treatment to degrade any single-stranded RNA. After quenching endog-
enous peroxidases with 2% H2O2, slides were incubated overnight at 4°C
with an anti-DIG or antifluorescein antibody conjugated with horserad-
ish peroxidase (HRP; Roche Molecular Biochemicals). Slides were then
washed with Tris-buffered saline, and the HRP-antibody conjugate was
detected using the CY3 or FITC signal amplification kit. Nuclei were
counterstained with DAPI (Invitrogen).

Confocal microscopy and analysis. Based on previous studies showing
that the behaviorally induced Arc expression occurs primarily in the DG
upper blade (Chawla et al., 2005; Ramírez-Amaya et al., 2005; Alme et al.,
2010; Marrone et al., 2012), here we analyzed only this DG subregion.
Images from the DG and CA1 were taken using a Zeiss LSM 510 Meta
confocal microscope with a Plan-Apochromat 40�/1.3 NA oil-
immersion objective and StichArt module. Confocal settings, such as
detector gain and offset, were established with the caged control section
on each slide and kept constant for the rest of the tissue sections on the
same slide. Three to four z-stack (0.55 �m optical thickness/plane) sam-
ple images from CA1 from each slide were taken and a total of four slides
were imaged per block, which gave us a total of 12–16 CA1 images per
animal. For the DG, image z-stacks were taken from the DG granular
upper blade layer systematically covering the whole blade layer; this rep-
resents 6 –12 images per DG with �5% area overlap to build a mosaic
image in which the whole DG upper blade was reconstructed. A total of
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7–9 whole DG mosaic images were used as the reference image for this
analysis.

Off-line image analysis was performed using the MetaMorph imaging
software (Universal Image Corporation) by an experimenter blind to the
experimental treatments, as described previously (Rosi et al., 2009). To
calculate the total number of neurons for the enclosed granule cell layer
in the DG containing the Arc-positive neurons, the area of the DG layer
was measured, and to determine the volume the useful planes in the stack
were counted as reported previously (Ramírez-Amaya et al., 2005; Rosi et
al., 2005). The neuronal nuclei were classified as follows: negative (no
staining), Arc pre-mRNA foci positive (simplified as “Arc-foci,” containing
only Arc intranuclear foci staining detected with the Arc intron probe), Arc
mRNA cytoplasmic positive (simplified as “Arc-cyto,” containing only cyto-
plasmic staining detected with the full-length probe), or as double-labeled
for Arc pre-mRNA foci and Arc mRNA cytoplasmic (simplified as “Arc-
double,” containing both intranuclear Arc pre-mRNA foci and cytoplasmic
Arc mRNA transcripts in two different colors). When a count included all
classifications we refer to it as an Arc-positive neuron (this includes the total
number of the three above mentioned classifications). The percentages of
Arc-foci, Arc-cyto, or Arc-double were calculated relative to the total number
of granule cells included in the analysis (Ramírez-Amaya et al., 2005). Cell
counts for CA1 were conducted as previously reported (Guzowski et al.,
1999; Vazdarjanova et al., 2002; Ramírez-Amaya et al., 2005; Rosi et al.,
2009).

Statistical analysis. StatView software was used to perform all the sta-
tistical analyses. For each animal the total number of granule cells and the
number of cells classified as Arc-foci, Arc-cyto, or Arc-double were com-
puted for both the DG and CA1 regions. The number of cells in each
classification was converted to the proportion of cells, as a relative num-
ber to the total number of cells included in the analysis. We used the
proportion of neurons in each of these classifications as the dependent
variables for analysis. The average proportion was calculated for each
different group and group differences for the time and treatment were
established with ANOVA for each classification. When the overall
ANOVA was significant ( p � 0.05), further comparison between groups
was done using Bonferroni post hoc tests. For comparing the proportion
of cells for each classification, a Student’s t test was used. For all tests, the
null hypothesis was rejected at the level p � 0.05.

Experiment 1: Detection of Arc (pre-mRNA/mRNA) expression in the
DG at different time points after spatial exploration. By using the intron-
only sequence Arc probe, we detected recent Arc pre-mRNA transcrip-
tion, and its color distinguished it from the Arc full probe, which is the
only one seen in the cytoplasm surrounding the nucleus and it is charac-
terized as Arc-cyto. This allowed us to evaluate recent transcription in the
DG granule cells at different time points following the 5 min exploration
session (Ramírez-Amaya et al., 2005). All animals (n � 28) were killed
after exploration, either immediately (5 min, n � 3) or after 30 min (n �
3), 2 h (n � 3), 6 h (n � 4), 8 h (n � 4), 12 h (n � 4), or 24 h (n � 3).
Control animals (n � 4) were taken directly from their home cages and
killed at the different times on the day of the study (caged controls). To
confirm that the intronic Arc pre-mRNA present in DG neurons as long
as 8 h indicates a sustained transcription mechanism, we designed a
pharmacological experiment to evaluate the effect of Actinomycin D on
the sustained presence of Arc in DG neurons after spatial exploration.

Experiment 2: Behaviorally induced Arc mRNA transcription in the pres-
ence of Actinomycin D. The length of time that Arc transcription was
inhibited by the Actinomycin D administration was determined by using
a second cohort of animals (n � 19) that received an intraventricular
injection of Actinomycin D at different time points before the 5 min
behavioral exploration (0.15 min, 1 h, 2 h, 8 h: n � 3 each group).
Vehicle-control animals received an intraventricular injection of the ve-
hicle where Actinomycin D was diluted and the rats were killed 15 min
later (n � 3). Caged control animals remained undisturbed in their home
cage (n � 4). All animals (except caged controls) were killed immediately
after spatial exploration, and intranuclear foci of Arc mRNA were de-
tected and analyzed in CA1 and DG neurons.

Experiment 3: Time course of Arc expression with Actinomycin D added
after exploration. To determine whether Arc mRNA expression in DG
granule cells observed at long time points after exploration was indeed

due to sustained transcription, we analyzed the effect of Actinomycin D
on the sustained presence of Arc in the DG granule cells after exploration.
For this purpose, a third cohort of animals (n � 25) received an intra-
ventricular injection (through an implanted cannula) of Actinomycin D
immediately after a 5 min behavioral exploration and groups were killed
0.5 h, 2 h, or 8 h later (n � 4 each). Control groups received vehicle only
and were killed at the same times (0.5 h n � 3; 2 h n � 4; 8 h n � 3). Three
animals were killed directly from their home cage (caged), without re-
ceiving Actinomycin D treatment or exploration, to measure basal Arc
expression.

Results
Persistent detection of intronic Arc pre-mRNA in granule
cells activated by spatial exploration
The proportion of DG granule neurons classified as Arc-positive
(Arc-foci, Arc-cyto, and Arc-double) in animals killed immedi-
ately after a 5 min exploration session is �2%, and this propor-
tion is significantly higher than the 0.7% observed in caged
control animals (Fig. 1C). ANOVA revealed significant differ-
ences among groups (F(7,20) � 9.89, p � 0.01), and the Bonfer-
roni post hoc analysis showed significant differences between
caged controls and the groups examined 5 min after exploration,
indicating a clear Arc-expression response in the DG after spatial
exploration. The proportion of Arc-positive neurons (all classifi-
cations) was similar to that in the 5 min group when examined 30
min, 2 h, 6 h, and 8 h after a single behavioral exploration expe-
rience and the Bonferroni analysis yielded significant differences
in the proportion of Arc-expressing cells compared with caged
controls at these time points (p � 0.01). Twelve hours after ex-
ploration, the number of Arc-expressing cells starts to go down to
normal levels, and the Bonferroni test showed significant differ-
ences between the 12 h and the 5 min groups (p � 0.003), and no
differences between the group of animals killed 12 h after explo-
ration and the caged control group (p � 0.07), suggesting that for
most granule cells, the sustained Arc expression after exploration
lasts for at least 8 h but �12 h.

The cell compartment analysis of Arc expression showed that
at 5 min after exploration, �1.6% of the DG granular cells were
classified as Arc foci positive (Fig. 1D), while at later time points
�0.5% of the DG granular neurons contained Arc-foci. The
ANOVA analysis yielded differences among groups (ANOVA,
F(7,20) � 8.36, p � 0.01), and the Bonferroni post hoc analysis
indicated differences between the 5 min group and the later time
points, with no differences among these later groups (p � 0.05).
The proportion of DG neurons with recent transcription only at
5 min after exploration is significantly higher than for caged con-
trols, indicating that spatial exploration-associated activity of DG
granule cells driving Arc mRNA expression is observed as recent
transcription in the nucleus as early as 5 min after behaviorally
induced neural activity. Importantly, these newly activated neu-
rons, those with Arc-foci only, were observed only in the 5 min
group and not in the rest of the behaviorally treated animals killed
at later time points. This suggests that the same cells that were
activated by the original behavioral experience are the ones that
express Arc at later time points (see Discussion).

Thirty minutes after exploration Arc mRNA transcription in
granule cells, induced during spatial exploration, has already
been spliced and translocated into the cytoplasm; interestingly
however, only �30% of the Arc-positive neurons was classified
exclusively as Arc-cyto (Fig. 1E); most were classified as Arc-
double (�50%) and fewer (�20%) were classified as Arc-foci
only. This high proportion of DG neurons classified as Arc-
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double was observed also at 2 h, 6 h, and 8 h, when the number of
Arc-positive neurons remained higher than in the caged control
group. This indicates that most of the activated neurons that
translocated Arc mRNA into the cytoplasm also exhibited recent
Arc transcription (they present both Arc pre-mRNA foci and Arc
mRNA in the cytoplasm).

Interestingly, the few activated neurons observed in caged
control animals were also classified as double, suggesting that
even the small amount of neural activity driving Arc expression in
caged control conditions tends to also show this pattern of sus-
tained transcription (Fig. 1E).

Overall, these results suggest that after spatial exploration the
persistent presence of Arc (cyto and foci; Fig. 1D,E) in DG gran-
ule cells, which lasts for �8 h, could result from sustained tran-
scription that maintains a stable level of recent Arc mRNA
expression. The results show that recent transcription found in
the nucleus is observed in a large subpopulation of neurons
whose cytoplasm also contains earlier transcripts. This indicates
that �50% of the granule cells activated earlier exhibits a new
round of transcription at longer times after exploration. Because
the proportion of activated neurons does not fall to caged control
levels until 12 h after exploration, the majority of the behaviorally
activated neurons appear to undergo new rounds of transcrip-
tion. The proportion of Arc-expressing neurons found in caged
control animals is as low as has been reported previously, but

interestingly, we found that most of these granule cells show Arc
pre-mRNA foci, indicative of recent Arc transcription.

In CA1 pyramidal neurons Arc transcription after exploration
is transient
The proportion of CA1 pyramidal neurons that express intranu-
clear Arc immediately after a 5 min exploration was �39%. In-
tranuclear expression of Arc was elevated only in animals killed
immediately after the 5 min exploration (ANOVA, F(7,20) � 72.2,
p � 0.01 vs caged controls) (Fig. 2). No differences were found in
CA1 when animals were killed 30 min, 2 h, 6 h, 8 h, 12 h, or 24 h
after the initial exploration. The proportion of pyramidal neu-
rons with cytoplasmic Arc mRNA in animals killed 30 min after
novel environment exploration was significantly different com-
pared with caged controls (ANOVA, F(7,20) � 56.22, p � 0.01; Fig.
2). In contrast to what is observed in granule cells, there were no
differences in the percentage of pyramidal neurons classified as
double, those with both recent Arc pre-mRNA intranuclear foci
and cytoplasmic Arc mRNA, at any of the different time points
compared with the caged controls (ANOVA, F(7,20) � 0.462, p �
0.85; Fig. 2). This result clearly indicates that exploration-
induced Arc transcription in the CA1 pyramidal neurons is tran-
sient, the mRNA lasts �5 min in the nucleus, then translocates to
the cytoplasm �30 min after spatial exploration and is degraded

Figure 1. A, Experimental design used to induce Arc expression with a single spatial exploration experience. All animals explored a novel environment for 5 min and were killed at different times
after exploration (5 min, n � 3; 30 min, n � 3; 2 h, n � 3; 6 h, n � 4; 8 h, n � 4; 12 h, n � 4; 24 h, n � 3; caged, n � 4). Caged refers to the animals killed immediately after being taken from
their home cages and is a negative control for behaviorally induced Arc. B, Representative confocal image taken with a 40�/1.3 NA objective from the DG granule cell layer stained for the intronic
Arc (pre-mRNA) intranuclear foci revealed with Cy3 (red) and the full-length cytoplasmic Arc mRNA probe revealed with FITC (green); the intranuclear staining appears as yellow because the staining
is overimposed with green cytoplasmic staining. Note that the cytoplasmic staining is so dense that with only one color it is not reliable for determining whether the cell presents intranuclear foci
staining or not; cell body nuclei are counterstained with DAPI (blue). C, The kinetics of exploration-induced Arc mRNA is reported as the percentage of total DG granule cells, which express Arc mRNA;
each bar represents the mean proportion of DG cells classified as Arc-positive (foci � cytoplasmic � double) for each treatment group (*p � 0.01 compared with caged, � SEM). D, Compartment
analysis of temporal activity by catFISH of Arc. The Arc FISH staining was found either in the nucleus only (foci), in the cytoplasm only (cytoplasmic), or in both compartments (double). The bars
represent the mean proportion of cells, out of the total population of DG neurons, for each classification � SEM, *p � 0.01 compared with caged controls. E, Proportion of activated cells with
foci-only, cytoplasmic-only, or double (those with foci and cytoplasmic) Arc staining, out of the total population of Arc-positive neurons, *p � 0.01 compared with caged controls. The colors in D and
E bars refer to the same time point groups indicated in C.
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afterward. This result is in striking contrast to what is observed in
granule cells.

Dynamics of Actinomycin D inhibition of behaviorally
induced Arc mRNA transcription
We evaluated the length of time during which an ICV adminis-
tration of Actinomycin D inhibits exploration-induced Arc tran-
scription in the hippocampus. This analysis was conducted in

both the CA1 and the DG regions. As detailed previously (see
Materials and Methods), animals were injected with Actinomy-
cin D at time 0 and exposed to spatial exploration 15 min, 1 h, 2 h,
or 8 h later, and killed immediately afterward. Vehicle-treated
animals were exposed to 5 min of spatial exploration and killed
immediately afterward (Fig. 3A).

In the CA1 region, the vehicle-treated group exhibited �30%
of cells with nuclear Arc expression in response to spatial explo-

Figure 3. A, Schematic drawing of the experimental design. Animals were allowed to explore a novel environment at different times after an initial injection of Actinomycin D and were killed
immediately after the 5 min exploration. Representative confocal images of Arc mRNA expression in the CA1 (B, C) and DG (D, E) regions of the hippocampus taken with a 40�/1.3 NA objective. B,
D, Intranuclear Arc mRNA foci were evident 5 min after exploration in control animals injected with vehicle. C, E, No Arc mRNA was evident in animals injected with Actinomycin D 15 min before
exploratory behavior. Proportion of CA1 pyramidal neurons (F ) and DG granule cell neurons (G) that express Arc mRNA (intranuclear foci) in animals killed immediately after 5 min of spatial
exploration, which received Actinomycin D at different time points before the experience (0.15 min, 1 h, 2 h, 8 h; n � 3 each group). Vehicle injection was administered 15 min before exploration
and was used as the positive control for behaviorally induced Arc mRNA expression. At this time point Arc mRNA was observed in the nucleus because the behavioral induction began 5 min earlier.
Note that the proportion of Arc-expressing cells was significantly higher as compared with caged controls (*p � 0.01) in the 15 min vehicle group and the animals exposed to exploration 8 h after
the drug administration. �p � 0.01 compared with vehicle control.

Figure 2. A, Mean (�SEM) proportion of CA1 pyramidal neurons that present intronic Arc pre-mRNA intranuclear foci staining (foci), Arc mRNA in the cytoplasm (cytoplasmic), and both (double),
in the groups of animals killed at different time points after spatial exploration of a novel environment, *p � 0.01. Representative confocal images taken with a 40�/1.3 NA objective of the CA1
region from a caged control animal (B), an animal killed 5 min after spatial exploration (C), and an animal killed 30 min after spatial exploration (D).
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ration, which is significantly higher com-
pared with caged controls (ANOVA,
F(5,13) � 71.04, p � 0.01; Bonferroni post
hoc p � 0.01) (Fig. 3F). Given this, the 15
min vehicle group was considered to be
the behaviorally activated control. The
number of Arc-expressing cells was greatly
reduced in the 15 min Actinomycin
D-treated group compared with the 15
min vehicle control group, and it re-
mained low at 1 h (ps � 0.01). Two hours
after Actinomycin D administration, the
number of Arc-expressing cells after spa-
tial exploration was still low as compared
with the 15 min vehicle control (p �
0.01), but was already significantly greater
than in caged control animals (p � 0.01).
At 8 h after Actinomycin D administra-
tion, the proportion of Arc-expressing
cells was again greater than in caged con-
trols (p � 0.01), but was still significantly
lower than in the vehicle control group.
Importantly, both the 2 and 8 h Actino-
mycin D-treated groups showed signifi-
cant increases in the proportion of Arc-expressing cells as
compared with the 1 h Actinomycin D-treated animals.

In the DG (Fig. 3G), the results were similar to those ob-
tained in the CA1 region. The proportion of Arc-expressing
cells in the 15 min vehicle-treated animals was significantly
higher than in the cage control animals (�1.6%, ANOVA,
F(5,13) � 30.09, p � 0.01; Bonferroni post hoc p � 0.01), and was
dramatically reduced in the 15 min and 1 h Actinomycin
D-treated groups compared with the 15 min vehicle control
group (ps � 0.01). At 15 min and 1 h the proportion of Arc-
expressing neurons was lower but not significantly different from
the caged control animals. In contrast to what is seen in CA1, in
the DG at 2 h after Actinomycin D administration, the propor-
tion of Arc-expressing cells was still lower than the 15 min vehicle
control (p � 0.01), but was not significantly different from the
caged control animals. At 8 h after Actinomycin D administra-
tion, the proportion of Arc-expressing cells was again greater than
the caged controls (p � 0.01), but still significantly lower than in
the vehicle control group. Only the 8 h Actinomycin D-treated
group showed a significant increase in the proportion of Arc-
expressing cells as compared with the 1 h Actinomycin D-treated
animals.

These results indicate that treatment with Actinomycin D af-
fects behaviorally induced Arc transcription; the strongest effect
lasts for �1 h; nevertheless, transcription continues to be reduced
for at least 8 h. At this later time point, however, the number of
cells that express Arc in response to spatial exploration is signifi-
cantly higher than that is observed in caged control animals, in-
dicating that the effect of Actinomycin D is wearing off and the
transcription machinery is working again.

Actinomycin D blocked the sustained presence of Arc in
granule cells after spatial exploration
In this experiment, we administered vehicle or Actinomycin D
immediately after spatial exploration, and then killed the animals
at different time points (Fig. 4A).

In the vehicle-treated animals killed at different time points
after exploration (30 min, 2 h, and 8 h), �2% of granule cells were
classified as Arc-positive (Fig. 4B), and this proportion was sig-

nificantly higher than that observed in caged controls (ANOVA,
F(6,18) � 46.79, p � 0.01; Bonferroni post hoc p � 0.01). No
differences were found between all vehicle-treated animals.

In the Actinomycin D-treated animals the greater proportion of
Arc-expressing cells was found in the group of animals killed 30 min
after spatial exploration (�2%, Fig. 4B), and this proportion of Arc-
positive neurons was significantly higher when compared with caged
controls (ANOVA, F(6,18) � 59.83, p � 0.01; Bonferroni post hoc
ps � 0.01). Interestingly, animals treated with Actinomycin D and
killed at 2 and 8 h after behavioral exploration showed a proportion
of Arc-positive neurons in the DG that do not differ from caged
controls, but was significantly lower as compared with the Actino-
mycin D-treated animals killed at 30 min (ps � 0.01). It is of interest
that inhibition of Arc expression was also observed 8 h after explo-
ration, when the effect of Actinomycin D is already returning to
normal levels (compare with Fig. 3D).

When we looked at the compartmental expression of Arc (dis-
tinguishing between foci, cytoplasmic, and double Arc staining)
in the different groups (Fig. 4C), we found that the cytoplasmic
Arc mRNA accounted for the majority of the Arc-positive neu-
rons found in the Actinomycin D-treated animals killed at 30 min
after exploration. This was due to the fact that during spatial
exploration the transcription machinery was intact, allowing the
induction of Arc mRNA expression in �2% of DG neurons.
Thirty minutes later Arc mRNA was already translocated into the
cytoplasm, but at this time point transcription was already inhib-
ited by Actinomycin D. For this reason the proportion of Arc-
double stained cells and Arc-foci was significantly lower than the
vehicle-treated groups (30 min, 2 h, and 8 h) (ANOVA, F(6,18) �
25.60, p � 0.01; Bonferroni post hoc ps � 0.01). This indicated
that Actinomycin D applied immediately after exploration inhib-
ited further rounds of Arc transcription responsible for the long-
term presence of Arc in DG neurons after spatial exploration.
Because the proportion of Arc-expressing cells remains stable for
8 h, we would expect that administration of Actinomycin D at
other time points after exploration, others than those used in the
present experiment, would also result in cells with only cytoplas-
mic staining if the animals are killed 30 min later.

Figure 4. A, Schematic drawing of the experimental design used. All animals were exposed to a 5 min exploration of a novel
environment, then immediately injected with Actinomycin D or vehicle, followed by kill at 30 min, 2 h, or 8 h later. B, Kinetics of Arc
mRNA expression in DG neurons of vehicle-treated animals compared with animals injected with Actinomycin D is reported as the
percentage of total cells that were classified as Arc-positive; these are cells that express behaviorally induced Arc mRNA (foci,
cytoplasmic, and both). Caged refers to the rats killed immediately after being taken from their home cages and is a negative
control for behaviorally induced Arc (*p � 0.01 vs caged, �p � 0.01 vs 5 min vehicle). C, Compartment analysis of Arc mRNA-
expressing cells either in the nucleus only (foci), in the cytoplasm only (cytoplasmic), or in both compartments (double), *p�0.01.
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Discussion
Here we demonstrate that the long-term presence of Arc in DG
granule cells in response to spatial exploration (Ramírez-Amaya
et al., 2005; Marrone et al., 2012) results from a sustained tran-
scription mechanism. This conclusion is based on several argu-
ments: first, the neurons recruited during the initial exploration
experience are the same ones that express Arc at later time points;
second, the detection of Arc pre-mRNA with the intronic probe
(intranuclear Arc foci) indicates recent transcription; and finally,
this recent transcription is sustained.

Using Arc compartment analysis of temporal activity by fluo-
rescence in situ hybridization (catFISH), Chawla et al. (2005)
showed that after consecutive exploration of two environments
(with a 20 min interval) there was a small independent popula-
tion of granule cells that responded to the second environment
when it was different from the first one (expressing Arc intranu-
clear foci only). This suggests that if a population of DG neurons
different from those originally recruited was activated a long time
after a single exploration, significantly more DG neurons with
intranuclear Arc foci only (Arc pre-mRNA) should have been
observed in the groups of animals killed at long-time intervals. As
can be seen (Fig. 1D,E), no significant changes were observed in
the proportion of DG neurons with recent Arc transcription
across the different time points (�5 min) after exploration.
Moreover, Alme et al. (2010) using catFISH and electrophysiol-
ogy demonstrated that the same population of granule cells acti-
vated by the first exploration tended to be activated during the
consecutive exploration of 4 different environments. Together,
this evidence strongly suggests that the neurons originally acti-
vated by a single exploration continue to be the ones that express
Arc at later time points.

To confirm that the presence of recent Arc pre-mRNA (de-
tected with the intronic probe) at long times after exploration
resulted from sustained Arc transcription, we performed a phar-
macological experiment in which transcription was inhibited by
the administration of Actinomycin D immediately after explora-
tion of a novel environment. When the animals were killed 30
min later, it was observed that �2% of DG granule neurons had
already translocated Arc into the cytoplasm but, importantly, no
intranuclear Arc pre-mRNA was observed (Fig. 4C). This dem-
onstrates that Arc pre-mRNA staining observed in the nuclei is
indeed a result of recent transcription.

By simultaneously detecting Arc pre-mRNA in the nucleus
using the intronic probe and mature Arc mRNA using the full-
length probe, we were able to reliably distinguish between recent
(�5 min) and earlier (�30 min) Arc transcription (Rosi et al.,
2009). We observed that �50% of DG granule neurons that were
activated by the behavioral exploration experience (at least 30
min earlier, characterized by cytoplasmic Arc mRNA) also con-
tained intranuclear Arc pre-mRNA staining across all time points
(Fig. 1E). These data suggest that from 30 min to 8 h after spatial
exploration, the transcription of Arc is initiated again in a
subpopulation of the originally activated neurons. Because the
average total proportion of activated neurons does not vary
across the different time points (Fig. 1C), it is either possible
that Arc mRNA transcription is being turned on and off, or
that splicing is active or inactive in an Arc pre-mRNA
concentration-dependent manner. Importantly, our histolog-
ical detection of Arc pre-mRNA suggests that the Arc splicing
mechanism lasts �5 min. In either case, a continuous tran-
scription or in pulses, we considered this to constitute “sus-
tained transcription of Arc after spatial exploration.”

The mechanism by which Arc transcription is sustained for
�8 h currently is unknown. There are at least two possibilities,
network or intrinsic cellular mechanisms (Ramírez-Amaya et al.,
2005; Trifilieff et al., 2006). While the current data cannot con-
clusively distinguish between these, it is interesting to note that
8 h after Actinomycin D administration, even though the number
of Arc mRNA-positive neurons after exploration does not com-
pletely return to the levels in vehicle-treated animals, its inhibi-
tory effect is clearly diminished (Fig. 3G). If the mechanism
responsible for the sustained transcription is reverberatory net-
work activity, it would have been expected that when the tran-
scriptional machinery begins to recover, Arc transcription should
also begin to return. It is important to note that electrophysiolog-
ical studies do not observe continuous spiking after spatial explo-
ration, although it has been shown that off-line reactivation
activity does occur intermittently during periods of sleep or rest
(Shen et al., 1998). Together, these observations tend to favor an
intrinsic cellular mechanism underlying the sustained transcrip-
tion of Arc, although this remains to be demonstrated.

Three signal transduction pathways are known to regulate Arc
transcription: (1) glutamate, (2) brain-derived neurotrophic fac-
tor (BDNF), and (3) acetylcholine. Strong synaptic activity re-
sults in glutamate NMDA receptor-dependent Arc transcription
(Lyford et al., 1995; Martin, 2001; Steward and Worley, 2001;
Czerniawski et al., 2011; El-Sayed et al., 2011), but electrophysi-
ological recordings of granule cells in behaving rats suggest that it
is unlikely that strong synaptic activity is maintained continu-
ously (Shen et al., 1998). It is possible, however, that NMDA
receptors in granule cells may become hypersensitive by anchor-
ing the protein kinase CaMKII� for a prolonged period of time
(Shen et al., 2000), resulting in the trigger of Arc mRNA tran-
scription with more subtle synaptic activity in NMDA-sensitized
granule cells. Because Arc expression is also induced by BDNF in
DG granule cells (Bramham and Messaoudi, 2005) and sustained
release of BDNF has been suggested to occur after certain LTP
induction protocols (Kang et al., 1997; Aicardi et al., 2004; Santi
et al., 2006), it is possible that sustained BDNF release could play
a role in the observed sustained Arc transcription after spatial
exploration. Finally, the activation of metabotropic acetylcholine
receptors is known to play an important role in Arc mRNA tran-
scription (Teber et al., 2004; Fletcher et al., 2007) and cholinergic
activity is induced primarily during information acquisition (Mi-
randa and Bermúdez-Rattoni, 1999; Sarter et al., 2003). Thus, it is
possible that the sustained transcription of Arc in DG occurs only
after exploration of a novel and not after a familiar environment,
a possibility that we are currently investigating.

Arc protein is important for synaptic plasticity (Guzowski et
al., 2000). The idea is that Arc may work as a synaptic tag, since it
is known that its mRNA travels into the activated region of the
dendrites (Steward and Worley, 2001). Recently a conceptually
similar idea was proposed, indicating that Arc actually mediates
what is known as “inverse synaptic tagging” by promoting syn-
aptic scaling in the nonactivated synapses (Okuno et al., 2012),
eliminating nonspecific changes that occur during the establish-
ment of synaptic plasticity. It has also been demonstrated that Arc
mRNA is rapidly degraded by a nonsense-mediated mRNA decay
mechanism (Giorgi et al., 2007; Bramham et al., 2010), indicating
that Arc mRNA may go through only a single round of translation
(Maquat, 2004), and also Arc protein is rapidly degraded
(Ramírez-Amaya et al., 2005; Greer et al., 2010; Shepherd and
Bear, 2011). The question that arises in the face of these observa-
tions is how such transitory presence of Arc protein can engage
the synaptic plasticity machinery necessary for synaptic consoli-
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dation (Guzowski et al., 2000; Messaoudi et al., 2002; Plath et al.,
2006). For these reasons the prolonged availability of Arc in gran-
ule cells has been suggested to provide a mechanism that could
maintain sufficient protein levels to achieve synaptic consolida-
tion (Bramham and Messaoudi, 2005; Messaoudi et al., 2007).
Notably, the data reported here show that behavior can induce
sustained transcription of Arc in DG neurons, possibly providing
the conditions under which Arc can mediate synaptic plasticity,
in DG neurons.

The sustained transcription of Arc mRNA in the hippocampus
occurs only in DG granule cells and not CA1 pyramidal cells; this
is noteworthy considering that in the DG only �2% of neurons
become activated in response to experience (a sparse coding
scheme; McNaughton and Morris, 1987). This sparse code may
be due to particular features of DG neurons such as the high levels
of depolarization before action potential threshold is reached
(Barnes and McNaughton, 1980), a different transcriptional re-
pression profile (Penner et al., 2010), and perhaps the number of
spikes elicited to a given behavior (Leutgeb et al., 2007). This
sparse code theoretically allows the DG to store a large amount of
nonoverlapping information, but the code in the DG tends to use
the same neurons for several different representations (Alme et
al., 2010). Therefore, it appears that the DG uses different activity
sequences with the same neurons for each representation, in con-
trast to other regions of hippocampus and cortex, where different
spatial experiences tend to recruit independent and large groups
(�40%) of pyramidal neurons. Given the role of Arc in synaptic
plasticity (Guzowski et al., 2000; Messaoudi et al., 2002; Plath et
al., 2006; Okuno et al., 2012), it is conceivable that the sustained
transcription of Arc in a population of neurons that is sparse in
their original activation might ensure an efficient modifica-
tion of the synaptic strengths of the behaviorally recruited
neural network.
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